A recombinant cosmid carrying the Methanobacterium thermoautotrophicum Marburg trp genes was selected by complementation of Escherichia coli trp mutations. A 7.3-kb fragment of the cloned archaeal DNA was sequenced. It contained the seven tip genes, arranged adjacent to each other in the order trpEGCFBAD. No gene fusions were observed. The trp genes were organized in an operonlike structure, with four short (5-to 56-bp) intergenic regions and two overlapping genes. There was no indication for an open reading frame encoding a leader peptide in the upstream region of trpE. The gene order observed in the M. thermoautotrophicum tip operon was different from all known arrangements of the trp genes in archaea, bacteria, and eucarya. The encoded sequences of the Methanobacterium Trp proteins were similar in size to their bacterial and eucaryal counterparts, and all of them contained the segments of highly similar or invariant amino acid residues recognized in the Trp enzymes from bacteria and eucarya. The TrpE, TrpG, TrpC, TrpA, and TrpD proteins were 30 to 50% identical to those from representatives of other species. Significantly less sequence conservation (18 to 30%) was observed for TrpF, and TrpB exhibited a high degree of identity (50 to 62%) to the sequences of representatives of the three domains. With the exception of TrpB, the subunit of tryptophan synthase, tryptophan was absent from all Trp polypeptides.
The methanogenic bacterium Methanobacterium thermoautotrophicum Marburg is a thermophilic representative of the Archaea (41) , which were formerly termed archaebacteria. Analysis of archaeal gene structure has shown that genes which encode polypeptides involved in the same biochemical pathway are often linked (5) . This seems to be the case for some of the tryptophan-biosynthetic genes. Part of the Methanococcus voltae trpF gene, as well as trpB and trpA, have been sequenced and found to be arranged adjacent to each other (37) . In Haloferax volcanii, the trp genes were mapped in two separate chromosomal locations, and DNA sequencing of one gene cluster revealed the gene order trpCBA (26) .
We chose to clone and characterize the tryptophan-biosynthetic genes of M. thermoautotrophicum Marburg for several reasons. The organism is a well-studied methanogen, and the nucleotide sequences of several of its genes were determined (3, 15, 21, 32) . A generalized transducing phage and a cryptic multicopy plasmid specific for the Marburg strain are available. These extrachromosomal elements, together with auxotrophic and resistance mutants, make M. thermoautotrophicum Marburg a suitable candidate for development of a methanogen host-vector system (27) . In this context, the cloned trp genes may be of use as selective markers in the transformation of tryptophan-auxotrophic recipients. Finally, the trp genes were chosen because they represent one of the best-studied examples for comparative analysis of gene-enzyme relationships and gene structure in microorganisms (7) . Archaeal species are underrepresented in these comparisons, and there exists a need to expand the analysis of the genes for tryptophan biosynthesis to representatives of this domain. * Corresponding author.
MATERIALS AND METHODS
Bacterial strains, bacteriophages, plasmids, and growth conditions. The bacterial strains, bacteriophages, and plasmids used in this study are listed in Table 1 . M. thermoautotrophicum Marburg (DSM 2133) was grown at 65°C in a fermentor as previously described (36) . Escherichia coli strains were grown at 37°C in Luria-Bertani medium (33) , 2 x YT medium (33) , or minimal medium E (40) containing the appropriate supplements at the following concentrations: amino acids and anthranilate, 50 jig/ml; thiamine, 0.2 ,ug/ml; ampicillin, 100 jig/ml; kanamycin, 25 jig/ml; tetracycline, 15 ,ug/ml. 5-Bromo-4-chloro-3-indolyl-B-D-galactopyranoside (20 ,ug/ml) and isopropylthio-,-D-galactopyranoside (240 ;.Lg/ ml) were used in solid media to identify recombinant pUC18 or M13mpl8 vectors with insertions preventing complementation of P-galactosidase activity in E. coli JM101 (42) .
DNA manipulation and sequence analysis. Transformation, restriction mapping, and cloning procedures were done by standard techniques (33) . To obtain unsheared genomic DNA, M. thermoautotrophicum MBT10 was lysed by a partially purified preparation of pseudomurein endopeptidase from Methanobacterium wolfei (22) . DNA from this strain was partially digested with Hindlll and size fractionated. Fragments of 15 to 20 kb were ligated into cosmid vector pVK100 which had been linearized with Hindlll and treated with calf intestinal phosphatase. Ligated DNA was packaged in vitro with a phage A packaging extract (Bio-Rad, Richmond, Calif.) and amplified by transducing E. coli HB101. Fifteen hundred tetracycline-resistant and kanamycin-sensitive colonies were selected and stored individually and in a pool.
Both strands of the DNA fragment encoding the M. thermoautotrophicum trp gene cluster were sequenced by the dideoxy-chain termination method (34) by using recom- (Fig. 1) . As shown in Fig. 1 Fig. 2 . Seven open reading frames with the same polarity were found. On the basis of their amino acid sequence similarities to ti-p genes from a variety of bacteria and Saceharomyces cerevisiae (7), they were identified as trpE (1, 386 bp), ti-pG (588 bp), ti-pC (822 bp), trpF (678 bp), tipB (1, 170 bp), tipA (795 bp), and tipD (1, 050 bp). In six cases, the presumptive start codon was an AUG, and in one case (trpG) translation was assumed to be initiated by GUG. These translational start sites were chosen by aligning the amino-terminal halves of the deduced polypeptides with the amino termini of known Trp proteins. As shown in Fig. 2 
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ASTTCTSCaGcGAOGCCCG CCG 0GGTCAOGT0TCCTT GCCcOCGG GcSCTC CCCCCCcGG 0C0OGcCGaTG 00CCCTCG 0CTGA0AGATA a Amino acid identities were calculated with the GAP program (14) . Proteins encoded by fused genes were arbitrarily defined and named after the corresponding functions. References for many of the Trp proteins analyzed are given in the review of Crawford (7) . The sequences not listed in reference 7 include TrpG of B. subtilis (38) ; TrpE, TrpG, TrpC, and TrpD of P. putida (10); TrpC, TrpB, and TrpA of H. volcanii (26) ; TrpE, TrpG (35) , TrpB and TrpA (25) of T. thermophilus; and TrpA and TrpB of B. stearothermophilus (20) . segments of highly similar or invariant amino acid residues that were identified in each of the Trp enzymes from bacteria and eucarya (7) . It thus appears that the catalytic properties of the Methanobacterium enzymes are similar to those of the known Trp enzymes.
Amino acid sequences outside the conserved segments were variable to such an extent that the overall similarity of the M. thermoautotrophicum enzymes to other archaeal Trp sequences (TrpA, TrpB, and TrpC; references 26 and 37) was of the same order as their similarity to bacterial and yeast sequences. Methanogen Trp proteins, for which no archaeal sequences were available for comparison, differed from the bacterial and eucaryal ones as much as the latter two differed from each other. These findings are in line with the view that each of the trp genes evolved from a common ancestor and diverged within the archaea at similar rates as it did within the other two domains. The results of comparative studies on the evolution of glyceraldehyde-3-phosphate dehydrogenase (EC 1.2.1.12) and malate dehydrogenase (EC 1.1.1.37) are quite in contrast to the situation encountered with the Trp-biosynthetic enzymes. For these two enzymes, a significantly higher degree of similarity was observed between bacterial and eucaryal representatives than between the archaeal representatives and their bacterial and eucaryal counterparts (17) .
Organization of the trp gene cluster. The organization of the trp genes in M. thermoautotrophicum differs in two respects from all known arrangements of the trp genes in bacteria and archaea: the seven trp genes are arranged adjacent to each other in the order EGCFBAD, and the genes are not fused. The trp operons of bacterial representatives such as the enteric bacteria exhibit the gene order EGDCFBA, and in Bacillus subtilis the arrangement trpEDCFBA with an unlinked trpG has been observed (7, 38, 43) . The position of trpD at the distal end of the M. thermoautotrophicum gene cluster thus represents a unique feature whose significance remains unknown. The arrangement we found in M. thermoautotrophicum shows that different organizations of the trp genes have evolved within the archaea. Complementation studies and sequencing have indicated the gene order trpDCFBA for M. voltae (37) , and a separate gene cluster with the order trpCBA was identified in H. volcanii (26) . These and our data confirm the notion (26) that linkage of trpB and trpA represents the only conserved feature among archaeal, bacterial, and eucaryal gene arrangements.
The operonlike organization of the trp genes in M. thermoautotrophicum, with two cases of overlaps between adjacent open reading frames, suggests that these genes are transcribed as a single unit from the same promoter. Screening of the intergenic regions revealed no indication for archaeal promoter motifs. However, the octanucleotide TT TAAATA, which matches in seven positions with the box A motif of the putative methanogen consensus promoter (5, 39) , was found 50 bp upstream from the translational start codon of trpE (nucleotide positions 290 to 297 in Fig. 2) . The region downstream of the trpD gene did not contain sequences resembling archaeal transcription termination sites (5) .
Are there regulatory regions in the trp operon of M. thermoautotrophicum? Circumstantial evidence for feedback inhibition of Trp biosynthesis in M. thermoautotrophicum is provided by the presence of a conserved region in TrpE, the a subunit of anthranilate synthase (EC 4.1.3.27). In Brevibacterium lactofermentum and Salmonella typhimurium, the tryptophan-binding site for feedback inhibition has been shown by mutational analysis to involve the segment LeuLeu-Glu-Ser, close to the amino terminus of this protein (7, 28) . This sequence was identified at positions 43 to 46 of the deduced M. thermoautotrophicum TrpE protein, which thus is likely to be sensitive to inhibition by tryptophan.
The Fig. 2 fectly with each other and exhibit some homology to the trp operators of E. coli (44) . The structure and position of this element offer the possibility that expression of the Methanobacterium trp operon is governed by a repression mechanism.
Trp was absent from all M. thermoautotrophicum Trp polypeptides except TrpB, the a subunit of tryptophan synthase (Fig. 1) 
